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INTRODUCTION
The large American cranberry (Vaccinium macrocarpon Ait.) is cultivated commercially on approximately 21,000 hectares in the United States and Canada (1, 24) . Cranberry fruit rot is a disease complex consisting of as many as 15 fungal pathogens (19) that destroy fruit either in the field (field rot) or after harvest (storage rot), with six species predominating (2, 10, 13, 19, 22, 23 
& E. Müller (= Acanthorhynchus vaccinii
Shear) (blotch rot). The severity of fruit rot varies widely among growing regions and farms within a region, but at some sites crop losses approach 100% if fungicides are not applied two to four times per year (19) . Historically, the multisite inhibitor, contact fungicides chlorothalonil and mancozeb have been standards for fruit rot control. However, both of these fungicides are classified by the U.S. Environmental Protection Agency as probable human carcinogens and their use sometimes has been associated with reduced yields (9) and/or berry defects (4, 5, 16, 17) . During the 2000s, the strobilurin fungicides azoxystrobin and fluoxastrobin, and the sterol demethylation inhibitor (DMI) fungicide fenbuconazole, were registered for fruit rot management. Additional strobilurin, DMI, and succinate dehydrogenase inhibitor fungicides, with lower environmental impact and human health risk than chlorothalonil and mancozeb, are being evaluated for management of fruit rot in different cranberry growing regions of the United States (6, 7, 15, 16, 17, 20, 21) .
While cranberry growers are eager to adopt reduced-risk pest management strategies (8) , they are wary of using newer fungicides until their efficacy in managing fruit rot is demonstrated. Many growers assume that because the newer fungicides have more specific modes of action than the older multisite inhibitors, they also will have a narrower spectrum of activity against different fungal members of the fruit rot complex. In fact, the efficacy of chlorothalonil and mancozeb in reducing fruit rot incidence has been demonstrated, while the efficacy of newer fungicides has been inconsistent in trials conducted in different cranberry production regions (5, 6, 16, 17, 19, 20, 21) . Furthermore, there are no published reports on the specificities of any fungicides toward the various fruit rot pathogens. If fungicides were specific for certain pathogens, then over time, use of more selective fungicides would shift the frequencies and distributions of fruit rot pathogens. Currently minor pathogens could emerge to become major concerns for the cranberry industry. The objectives of this research were to determine: (i) the efficacy of registered fungicides or fungicides likely to be registered in the near future for control of cranberry fruit rot in the field; and (ii) the specificity of fungicides for the principal pathogens that comprise the cranberry fruit rot disease complex. A brief report of fungicide efficacy data from one trial was published previously (17) . and 2011. At Warrens the experiment was conducted in 2012 in a 2-year-old planting of cultivar 'Mullica Queen' where the leaf spot phase of early rot, caused by Phyllosticta vaccinii, had been severe the previous year. Growers at all marshes applied insecticides, herbicides, fertilizers, and water as needed to manage the crop (11, 14) . However, growers did not apply fungicides within the experimental section of the beds during the years in which our trials were conducted. Treatments varied among the six field trials, but included fungicides registered for use in cranberry production (azoxystrobin, chlorothalonil, fenbuconazole, fluoxastrobin, and mancozeb) and fungicides likely to be registered in the near future (fluoxastrobin + tebuconazole, prothioconazole). A list of fungicides and rates at which they were applied is provided in Table 1 . In 2010 and 2011, treatments were applied at approximately 50% bloom and early fruit set stages. In 2012, treatments were applied at approximately 5% bloom and 45% bloom. In each trial, the experimental design was a randomized complete block design with treatments randomized in five replicated blocks. Fungicides were applied in the equivalent of 266 liters of water per hectare to 4.55 m 2 replicate plots at 214 kPa using a CO 2 -powered boom sprayer equipped with four 8003 flat fan nozzles.
DISEASE AND YIELD ASSESSMENT
In 2010 and 2011, berries were harvested by hand in late September and early October, within 2 weeks of commercial harvest, from an arbitrarily selected 0.09 m 2 For all trials, fruit were sorted into three categories: sound, marketable berries; soft, rotten berries; or berries that were unmarketable for reasons other than fruit rot, such as insect damage. For each treatment, each group of berries was counted and weighed to determine fruit rot incidence and yield of marketable crop. Disease incidence (percentage of fruit with rot symptoms) and yield (fresh weight of fruit) were subjected to analysis of variance (ANOVA) in R version 2.11.1 (R Foundation for Statistical Computing, Vienna, Austria). Analyses were performed on natural log-transformed data but non-transformed data are shown.
ISOLATION AND IDENTIFICATION OF FUNGI FROM ROTTEN FRUIT
Twenty rotten berries were randomly selected from each of the five replicate plots of each treatment (=100 berries per treatment) for each trial except the 2011 trial at Oakdale where disease incidence was too low to obtain adequate numbers of rotten berries. Whole berries were surface disinfested for 5 min in a 10% household bleach solution (final concentration 0.6% sodium hypochlorite) containing one drop (approximately 3 µl) Tween 80 per 100 ml of solution. Berries were then rinsed twice in sterile distilled water and sliced in half transversely. Each cranberry half was placed cut-side down onto a 90-mm diameter petri dish containing potato dextrose agar amended with streptomycin sulfate (100 µg/ml) to prevent bacterial growth. Each plate contained four cranberry halves (i.e., two berries). Petri dishes with berries were incubated at room temperature (20 to 25˚C) for 2 weeks under indirect fluorescent light. After 2 weeks, the fungi growing from each berry were identified based on colony morphology, spore characteristics, and fruiting bodies (3). Overall incidence of the cranberry fruit rot pathogens was calculated as the probability of a particular pathogen being in a berry, given that the berry is rotten, multiplied by disease incidence within the particular 0.09 m 2 or 0.19 m 2 experimental plot from which the berry originated. Specific pathogen incidence was subjected to one-way analysis of variance (ANOVA) in R version 2.11.1. Means separation was performed according to Fisher's least significant difference test, after appropriate transformations to correct for unequal variances.
FUNGICIDE EFFICACY AND SPECIFICITY
Although we did not formally measure patchiness of fruit rot, we did note great variability in fruit rot incidence among replicates of treatments and a lack of statistically significant differences even when disease means differed widely ( Table 1) . As a result, in most of the trials, fruit rot incidence for many treatments was numerically but not significantly lower than incidence for nontreated controls.
Treatment with prothioconazole resulted in significantly lower fruit rot incidence than the nontreated control in the five trials in which it was tested. In four of five trials, prothioconazole was either the most effective treatment or not significantly different from the most effective treatment.
Treatment with fenbuconazole resulted in fruit rot incidence that was not significantly lower than the nontreated control in three of five trials. Treatment with fenbuconazole resulted in fruit rot incidence that was numerically greatest among fungicide treatments in three of the five trials in which it was tested, making it the least effective fungicide (Table 1) . Fungal isolation from rotten berries that had been treated with fenbuconazole revealed a high incidence of Colletotrichum gloeosporioides in the three trials where fenbuconazole failed to control fruit rot: Oakdale in 2010 and Wyeville in 2010 and 2011 (Tables 2, 3 , and 5). Fenbuconazole was highly effective in controlling fruit rot at Warrens in 2012, the only site in which Phyllosticta vaccinii, the early rot pathogen, was isolated at high frequency (Table 6 ). Our data suggest that in Wisconsin, fenbuconazole may be effective in new plantings prone to early rot but not effective in established plantings where other pathogens, especially C. gloeosporioides, dominate. In trials conducted in established plantings in Massachusetts and New Jersey, fenbuconazole generally has been effective in controlling fruit rot (6, 7, 20, 21) , possibly because Phyllosticta vaccinii is more prevalent at the time of harvest in the fruit rot complex in those regions than in Wisconsin (12, 13, 23, 25) . Tebuconazole was not significantly different from the nontreated control in either trial in which it was tested (Table 1) .
Treatment with the strobilurin fungicides, azoxystrobin and fluoxastrobin, consistently resulted in fruit rot incidence that was numerically lower than the nontreated control. These differences were statistically significant in all trials except for azoxystrobin at Oakdale and Wyeville in 2010 and fluoxastrobin at Oakdale in 2011 ( Table 1 ). The fluoxastrobin + tebuconazole combination treatment was similar in effectiveness to fluoxastrobin applied alone in the three trials in which these treatments were compared (Oakdale and Tomah in 2010 and Wyeville in 2011, Table 1 ). The combination was more effective than tebuconazole applied alone at Oakdale but not at Tomah in 2010 ( Table 1) .
The broad-spectrum, multisite inhibitor fungicides chlorothalonil and mancozeb, which have long served as the industry standards for fruit rot control, were generally effective. Treatment with mancozeb resulted in numerically lower fruit rot incidence than the nontreated control in all four trials in which it was tested, and this difference was significant in three of the four trials. Likewise, the chlorothalonil treatment resulted in significantly lower fruit rot incidence than the nontreated control in four of six trials, although at Oakdale and Wyeville in 2011, this treatment was similar to the nontreated control (Table 1) . In fact, of the four fungicides tested at Oakdale in 2011, only azoxystrobin and prothioconazole differed from the nontreated control. It is possible that the low incidence of fruit rot at this site was due primarily to abiotic factors, such as heat stress or sunscald, and secondarily to pathogens, in which case a significant difference would be detected only with the most highly effective fungicides. Great variability in fungal isolation data made it difficult to discern significant differences among fungicide treatments, but chlorothalonil and mancozeb were generally non-specific in controlling various fungi in the fruit rot complex (Tables 2 to 6 ).
EFFECTS OF FUNGICIDES ON YIELD
In all trials conducted in 2010 and 2011, fungicide treatments did not have a significant effect on yield of marketable fruit (P > 0.05 in all cases), and there were no consistent trends for the effects of treatments on yield. Averaged across treatments, yield in 2010 ranged from 2,325 to 3,466 g/m 2 at Oakdale, from 2,164 to 3,455 g/m 2 at Tomah, and from 1,647 to 2,228 g/m 2 at Wyeville. Averaged across treatments, yield in 2011 ranged from 1,733 to 2,605 g/m 2 at Oakdale, and from 1,506 to 2,917 g/m 2 at Wyeville. Yield data were not collected at Warrens in 2012 because that trial was hand-harvested several weeks earlier than commercial harvest. 
CONCLUSIONS AND DISEASE MANAGEMENT IMPLICATIONS
Managing cranberry fruit rot requires simultaneous control of several pathogens for which the disease cycles and epidemiology are not well understood. The prevalence of individual pathogens varies among growing regions, among sites within regions, and among years (13, 18, 23) . Although the multisite inhibitor fungicides chlorothalonil and mancozeb have been used successfully for decades to control cranberry fruit rot in all major production regions, several drawbacks associated with their use have spurred interest in different fungicides. Our research has demonstrated the strengths and limitations of three DMI fungicides, two strobilurin fungicides, and a DMI-strobilurin combination in reducing the incidence of cranberry fruit rot. The use of these newer fungicides will alleviate problems sometimes associated with use of chlorothalonil and mancozeb, such as reduced yield (9) and berry defects (4, 5, 16, 17) , but because of their more specific modes of action, resistance management will be critical. Where fruit rot is severe, growers should submit samples for diagnosis to identify the key pathogen(s) present. While most of the fungicides do not exhibit notable specificity for fungi in the fruit rot complex, fenbuconazole should not be relied on for control where incidence of C. gloeosporioides is high. Products that combine two active ingredients, usually at rates lower than either is recommended alone, are entering the marketplace for use on many crops. In the case of cranberry fruit rot control, the fluoxastrobin + tebuconazole combination did not provide a clear advantage over use of fluoxastrobin alone. In fact, tebuconazole alone was a relatively weak treatment, suggesting that it contributed little to the efficacy of the combination product.
Although yield was not affected by fungicide application in our trials, it is likely that fungicides effective for fruit rot management also reduce the level of inoculum in leaves and stems, where fruit rot pathogens sporulate and persist in the field (19) . Left unchecked, fruit rot builds in a stepwise fashion from one year to the next (19) . Although yield was not reduced in our trials, in trials with high incidences (>68%) of fruit rot in non-sprayed controls, reducing fruit rot incidence with fungicides resulted in greater yields (7, 20) . For this reason, we recommend fungicide treatment to prevent a buildup of fruit rot inoculum.
